proteins [12]. In this enzyme mechanism, the MAL chemistry would be initiated by the abstraction of the 3-proton of (2S,3S)-3-methylaspartic acid, which is ␣ to the 3-carboxyl of the substrate, to form an enolic intermediate, which would then collapse to eliminate ammonia [11]. MAL was first isolated from Clostridium tetanomorIn order to resolve the conflict in the mechanism for phum and was subsequently found to be narrowly dis-MAL, we initiated a structure determination program on tributed throughout both obligate and facultative anaerthe C. amalonaticus enzyme. MAL has also been shown obes 
acids from their corresponding fumaric acid derivatives
The form B structure was solved by molecular replacement using the coordinates of the form A structure as [2], an endeavor with considerable biotechnological potential. In this paper, we report the 1.3 Å resolution structhe starting model. The A and B crystal forms gave rise to virtually identical molecular models and, in this paper, ture determination of the C. amalonaticus MAL and an analysis of the binary complex with (2S,3S)-3-methylonly the structure of the form B crystals, which corresponds to a dimer in the asymmetric unit, is described. aspartic acid and discuss the implications of the structure for the enzyme mechanism and substrate specificity.
Overall Fold, Secondary and Quaternary Structure The final model for the free enzyme consists of 822 of the expected 826 residues (no density was present for Results and Discussion the two C-terminal residues within each subunit), 1564 water molecules, and one sulfate ion. The C. amalonatiStructure Determination MAL from C. amalonaticus was overexpressed in E. coli cus MAL subunit consists of a single polypeptide chain of 411 of the expected 413 residues and folds into two in the presence of selenomethionine and crystallized as previously described [13] to give two distinct crystal domains with approximate overall dimensions of length 70 Å and maximum width of 60 Å . It is composed of 15 forms, form A (P4 1 22, with a monomer in the asymmetric unit) and form B (C222, with a dimer in the asymmetric ␣ helices and 15 ␤ strands, together with a small number of 3 10 helices, helical turns, and a number of loops (Figure unit). The structure was determined by multiwavelength anomalous diffraction (MAD) techniques using data col-2). These elements of regular secondary structure comprise 61% of the polypeptide chain. The N-terminal dolected from a single form A SeMet-labeled crystal to 2.16 Å resolution (data set MALP4). High-resolution data main (residues 1-160) has an architecture composed of a three-stranded antiparallel ␤ sheet and an antiparallel, to 1.3 Å were collected from a single form B crystal (again selenomethionine derivatized [data set MALC2]).
four ␣ helix bundle. This domain is connected by a single strand of extended ␤-type structure to the first ␤ strand linked to the carboxyl of Glu-308, and one of the carboxyl oxygens of the substrate ( Figure 4A ). Given the reaction of the second domain (residues 170-411), which folds chemistry, the unambiguous interpretation of the elecinto an eight-stranded TIM barrel structure [ ) reaction is only 10% of the maximum [2], or by the is buried between two molecules related by a noncryspresence of high concentrations of cryoprotectant and tallographic 2-fold axis. In the dimer, a substantial interother crystallization components. face is made between the C-terminal helix of the TIM On the basis of the fit to the electron density alone, barrel domain from one monomer and the threethere are two ways in which the substrate can be oristranded antiparallel ␤ sheet of the N-terminal domain of ented, which arise as a consequence of the pseudosymthe second monomer ( Figure 2B ). The interface between metry of the electron density for the molecule, given the the two monomers involves both a complex network of similar electron density of the 2-amino and 3-methyl hydrogen bonding and ionic interactions as well as a moieties (Figure 3 ). The two orientations correspond to number of hydrophobic contacts.
an exchange in position of the 2-amino and 3-methyl groups on the enzyme. However, a number of pieces Active Site of independent evidence suggests that the substrate To identify the active site of MAL, a form B crystal (C222) adopts the orientation highlighted in Figure 4A , with the was soaked in cryoprotectant containing 10 mM (2S,3S)-3-methyl group closest to the bound metal atom and 3-methylaspartic acid plus 5 mm MgCl 2 (data set ␤-Mewith the 3-carboxyl coordinating the metal center. These Asp; 2.1 Å ). Analysis of the 2F o Ϫ F c and difference include the following: electron density maps revealed a clear electron density First, in one orientation, the 3-methyl of the substrate feature consistent with a bound metal and the adjacent occupies a hydrophobic depression in the protein sur-(2S,3S)-3-methylaspartic acid (Figure 3) . The divalent face, which could also accommodate the 3-substituted cation is octahedrally coordinated by interactions to one C 2 H 5 group of (2S,3S)-3-ethylaspartic acid, which is also carboxyl oxygen of three side chains (Asp-238, Glua substrate of MAL [2]. In this orientation, the 2-amino group makes favorable interactions to the enzyme and 273, and Asp-307), two water molecules, which are both is also partially exposed to the solvent. In the other is apparent from the structure that there is a small cavity adjacent to the carbon at the 3 position that could acorientation, however, the 2-amino moiety would occupy the hydrophobic pocket, with no residues available to commodate the increase in side chain bulk from a methyl to an ethyl as encountered in going from (2S,3S)-3-methstabilize this group, and the 3-methyl group would be exposed to solvent. There is thus considerable potential for the engineering 4A, the 2-amino group occupies a region of the active site pocket, which is solvent exposed and therefore conof this site to alter the substrate specificity of MAL, providing a route for the enzymic production of novel sistent with the proposed mechanism. Whereas, in the other orientation, the 2-amino group would be buried 3-substituted aspartic acids ( Figure 4B ). on the enzyme surface and thus unable to be released prior to the product.
We thus believe that the substrate adopts the orienta- at least, evolution could have led to convergence of a MAL-like mechanism using a structure derived by diverOn the basis of this analysis, the likely mechanism for MAL therefore involves abstraction of the 3-proton of gent evolution from a HAL-like precursor enzyme. Whatever the mechanism of AAL, the analysis prethe substrate by Lys-331, the stabilization of the enolic intermediate by the metal ion and possibly His-194, and sented here clearly indicates that nature has evolved two different strategies for carrying out the related its subsequent collapse and elimination of ammonia to give mesaconic acid ( Figure 5 ). These data, together chemistries of the ammonia lyases, each of which exploits the inherently different potential of the substrates with the lack of any evidence for the posttranslational modification of any residues in the structure of MAL, in dictating the chosen chemistry. One intriguing question to ask is why nature has chosen to use the enolase confirms that the chemistry of MAL is completely unlike that of the other amino acid lyases, PAL and HAL.
MAL Is a Member of the Enolase Superfamily
superfamily chemistry for MAL. Is this entirely serendipitous or is it a choice dictated by other factors, currently Having shown that MAL is indeed a member of the enolase superfamily, we find it interesting to speculate unknown? why MAL is not structurally similar to the other amino acid lyases, HAL and PAL. The reactions catalyzed by Biological Implications the latter two enzymes cannot be accommodated by a mechanism related to the enolase superfamily, as neiMethylaspartate ammonia lyase (MAL) catalyzes the highly stereo selective magnesium-dependent reversther of their substrates (histidine and phenylalanine, respectively) contains a carboxylate group ␣ to the abible addition of ammonia to mesaconic acid to give L-threo-(2S,3S)-3-methylaspartic acid, a reaction with stracted proton, and, thus, an enolic intermediate cannot be formed in these enzymes. considerable biotechnological potential for the chiral synthesis of novel amino acids. The crystallographic The ␣,␤-elimination of ammonia from aspartate is cat- suggests that the first step in the mechanism is the image plate (Table 1) (Table 1 ). All data sets were scaled and integrated using the HKL related chemistries of these three enzymes, each of suite [24] , and, unless otherwise stated, handled subsequently using which exploits the inherently different potential of their the CCP4 suite [25] .
substrates in dictating the chosen chemistry.
Experimental Procedures Form A Crystal Structure Solution

MAD Phasing
The form A diffraction data were analyzed using the program SOLVE Preparation of SeMet-MAL E. coli strain DL41 (F-, lambda-, met-A28; CGSC #7177) was a gift [26] , and the anomalous signal was found to extend to the resolution limit of these data (2.1Å ). The SeMet substructure was determined from Yale University E. coli Genetic Stock Center [19, 20] and was transformed with the plasmid pMAL [1, 2, 21, 22] encoding the gene using SOLVE and all data from the form A crystal. A solution for all ten of the selenium atoms in a single polypeptide chain was found for C. amalonaticus MAL.
The transformed cells were grown in media supplemented with only in space group P4 1 22, confirming this to be the space group of the form A crystals. Electron density maps using the experimental selenomethionine and harvested, and the protein was purified as previously described [13] .
phases were calculated to 2.1 Å , in which the protein conformation could be clearly discerned. 
Automatic Model Building and Refinement
